The boundary between the humid eastern and the arid western regions of the Great Plains of North America is of great economic interest and historic intrigue, yet its location is controversial. Areas to the east of this boundary have historically enjoyed the benefits of fertile soil coupled with more favorable rainfall and reliable surface water, permitting conventional agriculture to flourish over a remarkably large percentage of the eastern Great Plains. The expansion of population and agriculture during the nineteenth century across the western Great Plains tested the extent that non-irrigated, row crop agriculture could be successful in areas where year-toyear rainfall was unreliable. In this paper, we quantify the historic annual variability of soil moisture and hydrologic conditioning in the Great Plains resulting from climatic variability, show the regions that historically demonstrate unreliable precipitation, and identify the extent of arid regions of the central United States based on modeled annual soil moisture variability. We asked how arid climates have influenced soil formation patterns at small cartographic scales, and how soil properties buffer or enhance soil moisture regimes (at the udic-ustic boundary) to climate variability at larger cartographic scales. At small cartographic scales, a climate-only model worked nearly as well as a climate-and-soils model in mapping the region's soil moisture boundary; however, a climate-only model missed important local soil influences. Finally, we demonstrate that long-term climate and climate variability are reflected in the depth and concentration of the calcic soil properties. From a practical standpoint, our work highlights that soils with higher water holding capacity dampen periodic short-term rainfall deficits, while soils with lower water holding capacity can exhibit edaphic drought during otherwise normal climate years.
Introduction
In John Wesley Powell's landmark 1878 report on the arid lands of the Western United States, he wrote that when moving across the Great Plains from east to west at approximately the midway point of the United States there begins a region "so arid that agriculture is not successful without irrigation" (Powell et al., 1879) . Powell deemed this boundary between the humid region and the arid regions corresponded with the 20-inch (50.8 cm) isohyet of annual precipitation, assuming that precipitation was evenly distributed throughout the year. Today, the 20 inch isohyetal boundary would be considered arbitrary because it does not consider differences in evapotranspiration associated with temperature gradients from south to north or the seasonal distribution of precipitation in the Great Plains where more precipitation falls during spring and summer months of the year (Hoerling et al., 2014) . The 20 inch isohyetal boundary, falling approximately along the 100th Meridian, does however, approximate the normal westward reach of moist air from the Gulf of Mexico due to the interaction of upper level air masses from the Pacific Ocean and surface outflow from the Gulf of Mexico (Forman et al., 2001) .
Settlement of the North American Great Plains began at the end of the American Civil War with agricultural lands encroaching on the 100th Meridian by the 1870s (Lewis, 1966) . Since Powell's report on the western lands, agroecosystems have expanded westward well beyond the 20-inch isohyetal line of annual precipitation, resulting in drastic impacts on the historic native landscape (Libecap and Hansen, 2002) . Increased exploitation of the pedosphere by human activity marks a turning point in our history where agriculture has grown to become the primary impact on Great Plains ecosystems. As soil properties are the key integrator of long-term climate for agroecosystems (Parton et al., 1987) , it is important to recognize changes in soil climate zones during this period.
The dramatic expansion of agricultural activities in the 20th Century across the Great Plains has made the potential response of soil moisture to climate change of interest to land managers and policy makers. In particular, the frequency, duration, and depth of droughts are of interest, given the history of severe drought in the region during the 1930s, 1950s, 1980s, and most recently in 2012-2013 . Extreme drought conditions occurring in many portions of the Great Plains in the past decade have stimulated research on the ecosystem consequences of more frequent summer droughts and increases in temperature within this region resulting from broader global increases in temperature. This work has shown that the Great Plains are becoming increasingly vulnerable to drought due to an increase in the cultivation of marginal lands and the depletion of groundwater from the Ogallala Aquifer (Little, 2009; Steward et al., 2013) . Climate models vary regarding projections of annual precipitation trends in the region (IPCC, 2014) , but there is a general consensus that variability in the hydrological cycle is intensifying-with the most likely future climatic scenario predicting an increase in the frequency of extreme precipitation events and greater inter-annual variation in precipitation (IPCC, 2014) .
One of the early attempts to classify soils in the United State divided them at the highest level into pedocals and pedalfers (Marbut, 1935) . The pedocal-pedalfer soil boundary was defined as a zero line where mean annual precipitation and evapotranspiration were equal (Jenny, 1994) . Pedocal soils were distinguished by the assumption of an accumulation of calcium and magnesium in the form of pedogenic carbonates in arid or semi-arid regions, while pedalfer soils were identified by the absence of carbonates and were enriched in aluminum and iron sesquioxides in humid regions. The now generally antiquated terms of pedocal and pedalfer are still used in quaternary geology and soil geomorphology to distinguish arid and humid soil climatic zones (Monger and Martinez-Rios, 2000) . The boundary between the semiarid and humid climate regimes also still exists in U.S. Soil Taxonomy at the suborder level, and a basic wet-dry categorization has evolved into the modern soil moisture regime's conceptual framework (e.g., udic, ustic, and aridic). However, soil moisture classes were originally based on their agricultural usage (Forbes, 1986) . For example, aridic soils are defined as typically too dry to support crops without irrigation, ustic soils support crops that are drought tolerant, and udic soils do not require irrigation to successfully grow crops.
The udic-ustic soil moisture boundary is of interest to biogeographers as it approximates the boundary between the Bluestem Prairie and the Mixed Prairie (Küchler, 1964) . Biogeographers in general have long sought the identification of boundaries between ecosystems using vegetation zones or indicator species to approximate ecosystem boundaries (Küchler, 1970) ; however, soil geographers cannot rely only on the vegetation to define ecological regions due to compensation factors in the soil that override the climatic effect on vegetation (Bailey, 2004) . It is also likely that there is a lag time between vegetative response to climate and climate's manifestation in pedogenic features. These ecotonal transition zones are also of interest for other reasons. Within these transitional climatic zones soils with lower water holding capacity are subject to edaphic (soil-related) droughts during normal years (Herrick et al., 2013) , just as soils with higher water holding capacity (as well as an increased organic matter and improved soil structure) have the potential to buffer the effects of droughts on soil moisture (Lal, 2015; Strickland et al., 2015) .
The goals of this study are to (1) quantify regional inter-annual variability in the position of the calcareous and noncalcareous (pedocalpedalfer) boundary on the Great Plains based on historical climatic data and soil moisture, (2) consider if soil landscapes with low water holding capacities are more sensitive to changing climate drivers, and (3) model the depth and concentration of calcic soil horizons as they relate to variability in the annual water balance. With these data, we can identify a generalized western limit in North America beyond which agroecosystems either have to be drought tolerant or irrigated to reliably and economically grow crops. In addition, we investigated the possibility that long-term climate patterns are reflected in edaphic properties, and that soils with higher water holding capacity can dampen inter-annual water deficits. We calculated annual continental scale soil water balance across the Great Plains using soil moisture models based on monthly precipitation and temperature data from 1895 to 2014. With the national Soil Survey Geographic (SSURGO) database (Soil Survey Staff, 2015) we then looked at the relationship between annual water balance, water holding capacity, and calcic soil properties. We hypothesized that (1) soils with lower water holding capacity (e.g., coarse textured soils with low organic matter) are more susceptible to changing climate drivers and short duration drought events, and (2) the increasing depth and concentration of calcic horizons is positively coupled with negative long term climatic soil water balances.
Materials and methods

Geographic setting
Soil scientists have long recognized that the Great Plains Region of North America (30°-50°N, 105-95°W) is an exceptional natural experiment in the role of climate as a soil-forming factor (Arkley, 1963; Jenny, 1994; Retallack, 2005; Ruhe, 1984) with east-to-west precipitation gradients and north-to-south temperature gradients driving soil formation processes. While climate varies markedly across the region, the variations of other soil formation factors are relatively modest (Retallack, 2005) , due to the soil's age (consistently younger than 14ka), uniform surficial loess parent material, rolling-to-flat topography, and historically ubiquitous grassy plant communities. With this natural arrangement, the role of climate in the soil formation of the Great Plains can generally be interpreted along climatic gradients, displaying increasing temperatures from north-to-south and increasing moisture from west-to-east, allowing a coupled hydrologic and climatic model to reliably characterize soil moisture regimes from the climate record. Long-term (millennial scale) climate patterns imprint pedogenic properties on the soil (Monger and Rachal, 2013) , allowing scientists to recognize long-term soil moisture regimes through an evaluation of the soil pedon, or more broadly, to derive soil moisture classes (for taxonomic classification purposes) from climatic data using deterministic soil moisture models as currently practiced in the United States (Newhall and Berdanier, 1996; Van Wambeke et al., 1986) .
Newhall simulation model
The Newhall simulation model (NSM) was used to compute soil moisture regimes according to methodology used in USDA Soil Taxonomy (Newhall and Berdanier, 1996; Soil Survey Staff, 2014) . The NSM simulates monthly water balance patterns of soil moisture in relation to the soil moisture control section (MCS) as a means to define the taxonomic class of soil climate. The MCS of the soil is defined by an upper boundary to which a dry soil (N1500 kPa tension, but not air-dry) will be "moistened" by 2.5 cm of water within 24 h and a lower boundary where the depth to which a dry soil will be moistened by 7.5 cm of water within 48 h (Soil Survey Staff, 2014; Zobeck and Daugherty, 1982) . The stepwise NSM simulates downward movement of moisture into the soil profile based on the amount of water needed to bring all the soil above field capacity. Rate of soil water depletion depends on energy available for moisture extraction through calculated potential evapotranspiration. Soil water gains and losses are limited to the soil's water holding capacity, expressed as the difference between field capacity and permanent wilting point.
Great Plains simulations
We used an updated Newhall model, java version 1.6.0 (Soil Survey Staff, 2012) , to simulate taxonomic soil moisture regime, soil temperature regimes, annual water balances, and summer water balances for individual years. Spatially explicit soil mapping was created using the grid element Newhall simulation model methodology (Winzeler et al., 2013) by running raster cells in annual mode and then merging batched model runs back into an annual geographic representation. Year by year analysis was favored due to model limitations and to support our research goal of quantifying inter-annual variability in the spatial prediction of calcareous and noncalcareous soils.
Simulations of soil hydrologic properties were parameterized with average monthly data from 1895 to 2014 using the precipitation and temperature 4-km PRISM data (PRISM Climate Group, 2015) . We used a default of 2.5°C mean annual soil-to-air offset. Root-zone available water capacity was derived from the continuous United States (CONUS) USDA-NRCS digital general soil map (Miller and White, 1998; Soil Survey Staff, 2006) . Ground water conditions were not considered at our scale of analysis (800 meter resolution) as the effects of ground water were deemed insignificant along the annual pedocal-pedalfer boundary. This particular analysis only considered broad regional scale patterns of the udic-ustic boundary location and not the specific finer-scale intergrade patterns of soil moisture regimes.
Interannual maps were derived using annual soil water balance and soil moisture regime outputs of the NSM. For annual soil water balance, where net water balance was equal to zero (PPT = PET), we digitized an isohyetal line from north to south across the Great Plains. Similarly, where the NSM predicted the border between udic and ustic moisture regimes, we created binomial raster grids (1, 0) where aridic and ustic regimes had a value of one and udic and perudic regimes had a value of zero. By summarizing raster grids, a spatial distribution of soil moisture conditions was established, creating the basis for our analysis of the temporal scale of what amounts to the soil pedocal/ pedalfer line as it fluctuated from 1895 to 2014.
Mapping tasks were performed using ArcGIS 10 software (ESRI, 2014). Grid-point population models were performed in geographic coordinate system-WGS72 datum and all area estimates were made using Albers equal area projection (NAD83, USA Contiguous Albers Equal Area Conic). Higher resolution raster and vector data were resampled and rasterized to a common target of 2.5 arc minutes of a geographic degree, or approximately a 4 km pixel resolution. Relationships between variables (climatic, physiographic, and edaphic) and the latitudinal geographic discrepancy of the pedocal-pedalfer and the PPT = PET isohyet (where precipitation equals evapotranspiration) were tested using regression analysis. Statistical analyses were computed using the open-source statistical analysis package PAST v3.08 (Hammer et al., 2001 ).
Calcic soils
Calcic horizon depth and concentration data were queried via soil taxonomic classification and dominant condition from the National Soil Information System (NASIS) database using soil data access and joined to the USDA NRCS's gridded Soil Survey Geographic Database gSSURGO GIS data layer for analyses (Soil Survey Staff, 2014) . To mimic climo-sequence functions (Jenny, 1994) , calcic horizon data were constrained to include only soils that would represent long-term soil development without significant erosion or deposition (such as geomorphic interference). The focus was on soils formed with gently sloping or low topographic relief, soils showing sufficient pedogenic development, soils with similar biological history, soils with similar parent material (e.g., loess), and soils in the geographic region of the southern Great Plains. The methodology was designed to resemble an approach described by Retallack (Retallack, 2005 ), but with soil component level data.
To satisfy the requirement of similar age soils, we included soil with well-developed argillic horizon and excluded Entisols and Inceptisols. Alfisols were excluded to focus on soils assumed to have formed under grassland biomes. Alfisols in the southern Great Plains typically represent either eroded phases of Mollisols (removal of the mollic epipedon) or lowland savanna associated soils. To satisfy similar parent material conditions, we excluded soils with vertic properties and/or shallow lithic contacts while also limiting analyses to soils with similar textures as measured by particle sizes in the gSSURGO database. We defined the Southern Great Plains as areas defined by NRCS Major Land Resource Areas 72, 73, 77A, 77E, and 77D (USDA-NRCS, 2006).
Soil CaCO 3 was reported from NASIS as weight percentage (i.e., N 2-mm size fraction) and to which we used the representative component values. A subset of the queried horizon data was selected for statistical analyses. This subset was also tested for spatial autocorrelation using Global Morran's-I, a statistical method to detect if pattern clusters are random and decrease the chance of type 1 error. A standard least squares regression was performed between the subset of calcic soils data and the long-term average (1895-2014) of annual water balance output from the NSM. This analysis was completed at a larger cartographic scale than the soil moisture regime simulation modeling.
Results
We first present results of long-term soil moisture simulations and annual water balance in the Great Plains. These findings were expanded by our results of variability of soil climate conditions for the entire record, the differences between the first half and second half of the record, average conditions during droughts of the 1930s and 1950s, and the soil moisture regimes during the most arid years on record. We then focused on relationships between climatic, physiographic, and edaphic properties and the latitudinal geographic discrepancy of the pedocalpedalfer and the PPT = PET isohyet. Finally, we present results of the calcic soil properties as they relate to the long-term water balance trend.
Pedocal-pedalfer dynamics
The long-term eastern soil moisture boundary of the "arid west" closely mimics the isohyet where precipitation equals potential evapotranspiration (Fig. 1) . A fundamental result is how minor the general east-to-west trend was in the boundary moving from south to north, despite large differences in temperature along this latitudinal gradient. The largest discrepancy between these boundaries occurred in northern Nebraska and central Texas where the climate-and-soils boundary occurred east of the climate only boundary. The eastward shift in Texas corresponds with higher annual water balance seen in the interior coastal plain and Buckland Prairie, while the eastward shift in Nebraska coincides with higher elevation, lower available water capacity, and higher annual water balance (Fig. 3) . The soil moisture boundary occurred slightly westward in areas with higher root-zone available water capacities (Fig. 3) , such as in western Kansas' deep loamy soils and in North Dakota drift prairie. Generally, the long-term average of the annual pedocal-pedalfer soil isohyet (blue line, Fig. 1 ) falls in line with the traditional view of climate and soil moisture patterns in the Western Great Plains as espoused by Powell.
To quantify the variability of soil climate (the spatial extents of udic and ustic moisture classes), we grouped results into: the driest extent (maximum drought), driest decile (driest 10%), driest quartile (dry 25%), wettest quartile (wet 25%), wettest decile (wettest 10%), and wettest extent (maximum wet) for the study area ( Fig. 2a and b) . The maximum extent of dry soil climate (green line, Fig. 2a Overall, the first half of the record (1895-1954) was found to be slightly drier than the second half , with the greatest departures from the long-term average conditions occurring in Oklahoma and especially Texas; however, the boundaries in the two periods were very similar in Kansas and northwards (Fig. 2c) . These records closely mimic the long-term average spatial pattern of regional climate within the Great Plains.
Spatial patterns of soil moisture during the two most significant droughts for the Great Plains (1931-1939 and 1952-1956 ; Fig. 2d ) mimic the driest quartile (blue line, Fig. 2a ). We detected a pattern in North Dakota (Fig. 2d) where our model simulated higher soil moisture contents during the drought of 1952-1956 than compared with the 1931-1939 drought. Another notable difference between the spatial patterns of these two droughts occurred in the central portion of the Great Plains where the 1950s drought extended farther east than the more famous drought of the 1930s in Kansas and Oklahoma. We further quantified the wettest and driest years based on the total area of aridic, ustic, and udic soil moisture regimes (Table 1) . Of particular interest is the spatial distribution of aridic and ustic classes for the three most extreme dry years (Fig. 4) . During these year, typic-aridic moisture classes (MCS moist for less than 45 days) extended into Wyoming and Nebraska and extreme-aridic moisture classes (MCS dry for whole year) were appreciable in eastern Colorado, western Kansas, the Oklahoma panhandle, and New Mexico.
Boundary relationships
Results of regression of the climatic, physiographic, and edaphic properties and the east-west differences of the pedocal-pedalfer and the PPT = PET isohyet are presented in Table 2 . A significant positive relationship was found with change in precipitation (r = 0.842), temperature (r = −0.444), potential evapotranspiration (r = 0.581), annual water balance (r = 0.713), and summer water balance (r = 0.510). While a significant negative relationship was found with total plant available water capacity (r = − 0.623) and change in elevation (r = −0.888). By plotting these variables by latitude (Fig. 3) , the wide disagreement between the two boundaries in Nebraska is explained by higher annual water balance, lower plant available water capacity, and higher elevations, while areas with discrepancies in Texas were explained by higher annual water balances alone. the Marbut Line (1935) , respectively for how they defined the boundary between the humid east and the arid west. The red line is the long-term average climatic-only boundary from the historic record (1895-2014) where precipitation equals evapotranspiration and the blue line is the long-term average soil-and-climate boundary from the same time period. Study area denoted in grey.
Calcic soils
The distribution of calcic soil horizons in the study area were primarily located east of the Marbut line (Fig. 5) . Calcic soils located in North Dakota, South Dakota and Minnesota are mostly Calciaquolls and Calcic Hapludolls, with Calciustolls and Calciustepts making up most of the other northern calcic soils. South of the 40 th parallel (the northern boundary of Kansas), calcic soils make up a larger portion of landscape and are a mix of soils that are predominantly Mollisols, Inceptisols, and Aridisols containing calcic soil horizons. A statistically significant relationship was found between both the depth and concentration of CaCO 3 in a soil with the long-term annual water balance (in mm) in the Southern Great Plains (Fig. 6) . The concentration of CaCO 3 showed a negative relationship ("slope = −.097"; r 2 = 0.342), while the depth to the top ("slope = 0.127"; r 2 = 0.101) and to the bottom of calcic horizon ("slope = 0.208"; r 2 = 0.095) both reported low coefficient of determination. A poor coefficient was also found between the thickness of calcic horizon and annual water balance ("slope = − 0.087"; r 2 = 0.049).
Discussion
The goals of this study were to (1) quantify inter-annual variability of the position of the pedocal-pedalfer boundary on the Great Plains based on historical climatic data and modeled soil moisture, (2) consider if soil landscapes with low water holding capacities are more sensitive Fig. 2 . North American soil moisture simulations of the 120-year record for the pedocal-pedalfer boundary of: (a) the driest extent (maximum drought; red), driest decile (driest 10%; orange), wettest decile (wettest 10%; blue), and wettest extent (maximum wet; green), (b) range between the upper and lower quartile where red is the drier 25% and blue is the wetter 25%, (c) differences in average soil moisture conditions from the first half the studied record (1895-1953; green) to changing climate drivers, and (3) model the depth and concentration of calcic soil horizons as they relate to variability in the annual water balance. Due to pronounced climatic variability and lack of definitive climatic, physiographic, and biogeographic characteristics of the Great Plains there have been many interpretations of Great Plains geography, with interpretations increasingly including culturally based criteria (Rossum and Lavin, 2000) , as well as other delineations being qualitative in nature (McMahon et al., 2001 ). Long-term soil moisture balance offers novel, rule-based criteria for defining ecoregions. Furthermore, since the timing and extent of water balance fluxes governs the trajectory and degree of soil evolution (Chadwick and Chorover, 2001) , modeling the pedoclimate offers a fundamental approach to regional landscape classification.
Great Plains climate geography
Comparing our boundary of the Arid West with those of Powell and Marbut, southwestern areas of the study area were demonstrated as more arid than shown by Powell and Marbut's borders. Both the current National Soil Survey's (Soil Survey Quality Assurance Staff, 1994) and Marbut's (Marbut, 1935) border are defined by soil properties and not climatic data. The discrepancy between our boundaries from older ones is explained by negative summer water balances associated with higher evapotranspiration and lower summer precipitation in the southwestern portions of the study area. A similar discrepancy occurs near the Canadian border where our model shows wetter conditions further to the west than indicated by the Powell and Marbut borders. In this region, lower temperatures from cold winters and short summers produce a positive water balance -higher than expected by precipitation alone -due to lower annual evapotranspiration values found further south.
Annual soil moisture patterns on the Great Plains were found to be extremely variable both spatially and temporally. Spatial patterns of soil moisture in the Great Plains were influenced by principles of continentality, a climatic control resulting from the influence of large land masses and the remoteness of the land area from the direct climatic impact of oceans (Gimeno et al., 2010) . We also found that resiliency to drought was influenced by the soil's edaphic properties that influence the soils capacity to store moisture. Of course, recognizing that soil moisture is depleted when evapotranspiration is greater than precipitation isn't a novel observation; however, our spatial representation of this phenomenon shows that there is significant variation in drought sensitivity independent of climate on the Great Plains, with some landscapes more and less vulnerable to drought than others. Such landscape-scale resiliency is conditional to typical climatic conditions; conversely, when deep drought occurs in multiple consecutive years, such as in the mid-1930s, early 1950s, and early 2010s, soil moisture storage is depleted in even typically resilient areas (Fig. 2) .
We recognized that the extreme temporal and spatial climatic variability of the Great Plains restricts a precise delineation of where the arid west "begins." Our analysis could lead to multiple geographic boundaries such as (1) the average boundary in Fig. 1 (blue line) for all the annual 1895-2014, (2) the more recent average boundary from 1955 to 2014 (blue line, Fig. 2c ), or (3) even possibly a wide gradient range (Fig. 2b) , or (4) even possibly the more arid dry quartile (blue line, Fig. 2b ). Using the arid quartile interpretation would be plausible as this closely follows the 1990s NRCS Ustic-Udic boundary (blue line, Fig. 5 ).
Water holding capacity and edaphic droughts
Comparing average isoedaphic boundaries from the first half of the record to the second half we have noted that regions of Oklahoma and Texas were actually "wetter" in the second period of the record as the boundary for leaching occurs further west-as much as 300 km west along the 32 parallel north. We believe part of this pattern is due to the lower root-zone water holding capacities of these regions allowing larger apparent shifts in the boundary than in regions where the soils have higher water holding capacities. Consequently such a shift was not observed in western Kansas-a region of Pleistocene and Holocene loess with higher root-zone water holding capacities (Ruhe, 1984) . As such we have identified that lower rootzone available water capacities display greater sensitivity to climate variability. In general, the broader climatic drivers producing wetter conditions in the southern portion of our study area for the latter half are more complex, including the interaction of atmospheric and oceanic currents (Forman et al., 2001) . In particular, the change to warmer sea temperatures in the Gulf of Mexico could have produced the incidence of higher precipitation in the southeast portion of our study area (Biasutti et al., 2012) .
Pedo-hydrologic properties of soils that limit root-zone water capacity include sandy textures, shallow depth to bedrock, and the presence of a root restrictive layer (e.g., petrocalic horizons). As mentioned, soils with lower root-zone available water capacities tend to be more sensitive to shifts in climate. Understanding key aspects of soil development in low water holding capacity landscapes will help soil scientists understand the pedosphere's potential response to climate change. Table 2 Results of regression analysis between the east-west shift of the pedocal-pedalfer boundary and the PPT = PET isohyet (precipitation equals potential evapotranspiration) and climatic, edaphic, physiographic properties (seen in Fig. 3 2015, ; Annual WB (mm), average annual water balance (total precipitation minus potential evapotranspiration) for all year runs (1895-2014); Summer WB (mm), average summer water balance (July to Aug) for all runs (1895-2014); Potential ET, average potential evapotranspiration (Thornthwaite, 1948) for all years (1895-2014); Soil AWC, plant available water capacity; elevation (m), difference between elevation of pedocal-pedalfer and isohyet boundaries. ⁎ All regression significant (α = 0.01). Table 1 Summary of simulated annual soil moisture regime extremes ("driest" and "wettest" 11 years) for the study area (appx. 300 million ha). The geographic extent of soil moisture regimes for 1934, 1956, and 2012 is shown in Fig. 3 .
Soil moisture class % of study area during extreme years Year 1910 Year 1933 Year 1934 Year 1936 Year 1939 Year 1952 Year 1953 Year 1954 Year 1956 Year 1963 We also recognize that tilled soils from agroecosystems are generally expected to have decreased water holding capacity due to reduced soil organic matter content, disrupted soil structure, increasing evaporative demand, and an altered spatial distribution of surface water after precipitation (Seybold et al., 1999) . As improved estimates of past annual climates within the contemporary record become available, land use should be integrated within this model framework.
Most Arid
Cold-xeric soil moisture regimes
Newhall simulations identified xeric soil moisture regimes with varying frequency in the northern portion of the study area where pedologists would have typically classified these zones as ustic (Soil Survey Quality Assurance Staff, 1994) . Typical xeric moisture regimes are characterized by wet winters with soil moisture surpluses and dry summers with large moisture deficits (Soil Survey Staff, 2014 ). The Newhall model predicted xeric class conditions in the Northern Great Plains in multiple years as a product of cold winters producing large winter soil moisture surpluses and subsequently large summer deficits when temperatures and evapotranspiration increased. Winzeler and others acknowledged these areas could be classified as xeric (Winzeler et al., 2013) ; however, these "cold-xeric" soil profiles might behave differently than xeric moisture regimes of warmer Mediterranean climates and different biologically than the ustic soils of the western Great Plains-specifically regarding the timing of deep percolation of soil water in relation to the seasonal variations in evapotranspiration. These results contrast with previous studies that have shown Newhall to overestimate the ustic class in xeric soils in Italy (Costantini et al., Fig. 4 . Geographic extent of soil moisture classes from the three most extreme drought years identified by greatest areal extent of pedocal conditions (aridic and ustic). Fig. 3 . Climatic, edaphic, and physiographic properties along the long-term averaged pedocal-pedalfer boundary and climate-only isohyet. Latitude is plotted with: (A) the east-west distance between the two boundaries seen in Fig. 1 (negative values indicate the climate-only boundary occurs west of climate-and-soils boundary), (B) differences in current annual precipitation (PRISM Climate Group, 2015) , (C) difference in annual water balance averaged for all years (1895-2014), (D) differences in the summer water balance averaged for all years, (E) difference in elevation, and (F) the total plant available water capacity. State abbreviations are presented in 3A (ND, North Dakota; SD, South Dakota; NE, Nebraska; KS, Kansas; OK, Oklahoma; TX, Texas). Statistical relationships are presented in Table 2. 2002), although those soils were at lower latitudes (37°N-46°N) than xeric soils moisture classes identified in our study area (46°N-49°N) .
Calcic soils and annual water balance
Relationships between arid climates and soils with calcic characteristics have been well documented (Dregne, 1976; Retallack, 2005) , as have the relationship between calcic soil horizon development and soil age (Gile et al., 1966; Machette, 1985) . These assumptions of the impact of climate and soil age were recognized using soil climo-sequences and soil chrono-sequences (Jenny, 1994) . Soil properties for our climosequence were selected to reduce variation in topography, parent material, soil age, and vegetation to highlight the role of climate in soil development across the Great Plains. While our results showed the hypothesized correlation between calcic characteristics, such as the development of Bk-horizons and long-term annual water balance, our regression models showed weak relationships and poor goodness of fit. This observation suggests variation in the development of calcic horizon properties may not be readily explained by annual water balance alone.
Although we have tried to implement stringent criteria to limit effects of competing factors in soil formation in our climo-sequence (Jenny, 1994) , this result demonstrates the continued limitation of the National Soil Information Systems database for analyzing pedogenic phenomenon related to calcic soils (Retallack, 2000 (Retallack, , 2005 . Failure of our climate-sequence designed to confirm established edaphicclimatic relationships, suggests that component level information from this resource database may not be directly substitutable for depicting a well-organized soil climo-function. Regardless, the overriding effects of climate on soil landscapes (Chadwick and Chorover, 2001; Perdrial et al., 2015) should be better reflected in our national soil resource databases.
Conclusions
In conclusion, we have defined and quantified the generalized western extent in the United States in which agroecosytems would have to be either drought tolerant or irrigated to grow successfully and predictably. Further research is needed to understand if these soils are trending along a new climate driven soil forming vector, and more importantly the implication for the management of agricultural systems given the magnitude of expected climate change. Our research has implications for landscape classifications such as the Land Resource Hierarchy and Major Land Resource Areas on which federal conservation programs and practices are based (Salley et al., 2016) . The work presented here also suggests that the extreme inter-annual variability of climate on the western portions of the North America Great Plains limits reliable forecasting of soil moisture, as soil moisture response in the region is exceptionally dependent on the intensity and timing of precipitation. Informed management decisions regarding climate change adaptation and mitigation for western lands requires a clear understanding of soil-hydrologic functions of landscapes, in large part because soil hydrologic regime reveals an ecosystem's inherent vulnerability to global climate change. 
